Several recent advancements have occurred regarding engineering replacements for tissues of the temporomandibular joint (TMJ). This review specifically summarizes the in vitro technological developments for TMJ meniscus tissue engineering followed by an in-depth look at in vivo studies for the regeneration of the TMJ meniscus, with a focus on large animal models. One recent study used mini-pigs to study implants placed into a partial thickness defects of the TMJ meniscus. The authors investigated the use of allogeneic costal chondrocytes in scaffold-free TMJ implants. Implants were found to be well integrated and the mechanical strength of the defects was more robust in the implanted meniscus than in untreated defects. Two recently published studies in a canine model showed that an extracellular matrix bioscaffold derived from porcine urinary bladder was an effective material for reconstruction of the TMJ meniscus. The composition and mechanical properties of the remodeled tissue were similar to that of the native meniscus. It is important to note that the half-life of these replaced meniscus is unknown, and that successful repair is dependent on identifying the cause for internal derangement. In the future, a large animal model that includes both healthy and pathogenic sites of implantation needs further investigation.
INTRODUCTION
The most common temporomandibular joint (TMJ) disorder involving the meniscus is internal derangement (ID), where the meniscus is anteriorly displaced and becomes anatomically damaged and/or perforated, potentially requiring a meniscectomy (removal) as a definitive treatment [1] . As reviewed by Farrar and McCarty [2] , almost 70% of patients with temporomandibular dysfunction suffer from meniscus displacement; a finding that identifies the TMJ meniscus as a central factor in the cascade of events that lead to progressive pathology and morbidity. Currently, no alloplastic alternatives exist to safely and effectively replace a degenerative, non-repairable TMJ meniscus. Previous attempts to use alloplastic materials have resulted in unsatisfactory outcomes, including increased joint pathology, among other significant complications [3] [4] [5] [6] . Several autogenous tissues, such as temporalis muscle, auricular cartilage, dermis, and abdominal adipose tissue, have been used as replacement materials, but only short-term success has been reported [7] [8] [9] [10] [11] [12] [13] . In addition, the use of these tissues has been associated with donor site morbidity, the eventual formation of scar tissue, decreased range of motion of the mandible, and additional joint pathology. Thus, the identification of an effective off-the-shelf replacement material would represent a significant clinical advance, obviating donor site morbidity and avoiding downstream degenerative changes to the condyle.
IN VITRO TISSUE ENGINEERING OF TMJ MENISCUS REPLACEMENTS
By 2001, methods for TMJ tissue engineering, which includes cell sources, scaffolding materials, and signaling, were exiguous [14] , with the most advances in developing a customized TMJ meniscus scaffold utilizing photopolymerization methods [15, 16] . From that point there was a shift in TMJ tissue engineering efforts to the use of porcine TMJ meniscal cells for creating a tissue engineered meniscus in vitro. These studies optimized monolayer culture conditions, identified preferred synthetic scaffolds, seeding density and technique, growth factor regimens, and biomechanical stimulation regimens, but the ability to create a meniscus with properties that matched the native structure was limited and evaluation of in vivo remodeling was not conducted. An additional series of studies has been published in which costal cartilage was evaluated as an autologous cell source for a tissue engineered meniscus [17] [18] [19] .
There have been other efforts on the use of decellularized ECM scaffolds. Lumpkins et al. [20] proposed using a decellularized porcine meniscus as a xenogenic scaffold, comparable to approaches seen with other tissues such as heart valves [21] . In this study, meniscus decellularized with sodium dodecyl sulfate maintained their size and shape, and displayed similar mechanical energy dissipation characteristics similar to the native meniscus. This study was published very recently, and the future utility of these scaffolds is unknown, as these constructs have yet to be tested with cells.
IN VIVO TISSUE ENGINEERING OF TMJ MENISCUS REPLACEMENTS
Small animal models (mice) have been used to study meniscus regeneration. However, the small size of the tissues only allows for histological assessment [22] [23] [24] . The rabbit model offers an intermediate sized tissue for assessment at a moderate price. There has been both full meniscus replacement [25] and partial meniscus replacement [26] [27] [28] [29] studies in the rabbit. Again, the size of the animal prevented any mechanical testing of the regenerated tissue, and all results were histological or biochemical.
One recent study used a large animal, where implants were placed into a partial thickness defects of the TMJ meniscus in a mini-pig model [30] . Specifically, the authors investigated the use of allogeneic costal chondrocytes for the development of a transplantable, cell-based, scaffold-free TMJ implants. Implants were found to be well integrated and the mechanical strength of the defects was more robust in the implanted meniscus than in untreated defects. These findings were associated with reduced observations of pathologic or abnormal condylar remodeling in treated animals and provided one of the first proof-of-concept studies of a cell-based tissue engineered meniscus replacement in an animal model. Two other studies replaced the entire TMJ meniscus in a canine model [31, 32] . Specifically, the authors showed that an extracellular matrix (ECM) bioscaffold derived from porcine urinary bladder was an effective material for reconstruction of the TMJ meniscus [ Figures 1 and 2 ]. In these studies, a device consisting of a powdered ECM "pillow" encapsulated within sheets of the same material was placed as an interpositional graft after meniscectomy in a canine model. In the first study, the implanted material was observed to progressively remodel from 3 weeks to 6 months after implantation, and the newly formed host tissues resembled the native fibrocartilage of the meniscus in both gross and histologic morphology [ Figure 3] [32]
. In addition to the formation of meniscus-like tissue, the articular surfaces of the temporal bone and mandibular condyle were protected from degenerative changes. A follow-up study of ten dogs demonstrated that the composition and mechanical properties of the remodeled tissue were also similar to that of the native structure [31] . Of note, the placement of the device resulted in formation not only of fibrocartilage within the bulk of the implant, but also site-appropriate muscular and ligamentous attachments resembling those found in the native meniscus.
WHY THE CANINE MODEL IS PREFERRED OVER THE PIG AS THE GOLD STANDARD
As reviewed in a recent publication [33] , no one animal model resembles the human TMJ in both structure and function. Nevertheless, the pig has often been described as the "gold-standard" for tissue engineering and regenerative medicine approaches to reconstruction of the TMJ meniscus. However, these assertions are largely based upon post-mortem evaluation. It is important to understand the model-specific advantages and limitations that may exist before embarking into tissue engineering preclinical studies (Figure 4 , coronal views of TMJ discs can be found elsewhere [34] ). The advantage of the pig and minipig is that anatomy, physiology, and the properties of the tissues have been well characterized. However, the farm pig has the limitation of continuous growth, which confounds results and makes long-term studies not feasible. Also, both in the farm and minipig, the zygomatic arch blocks access into the joint making the surgical approach for TMJ meniscus replacement procedures difficult. The minipig is not widely available, thus obtaining cadaveric tissue and enough animals for a large study may be a challenge. At present, only two farms hold colonies of this breed, and thus access and price can be limitations for investigators. The advantage of the dog is its confined joint space, making attachment of an interpositional device or ECM bioscaffold likely to stay in place. While it is true that the dog is a carnivore, and its TMJ is a hinge joint that can only rotate, the Figure 3 . Histologic appearance of the remodeling process at 1, 2, and 6 months. The dense cell infiltrate at 1 month transforms into a fibrocartilagenous tissue very similar to the native temporomandibular joint meniscus (lower right). Recall that the original implant is totally acellular [32] . Copyright© 2012 (Reprinted with permission) Figure 4 . Anatomy of rabbit (A), goat (C), pig (E) and human (G) skulls. Mandibular condyles of the rabbit (B), goat (D), pig (F) and human (H) skulls. Arrows are pointing to the head of the mandibular condyle [44] . . Furthermore, the ECM scaffold technology is a xenogenic implant material, and cross-species implantation is required to evaluate results. Since the majority of FDA approved ECM bioscaffold-based devices are porcine based materials, it is logical to implant porcine based ECM into another species.
Of note, the canine and porcine models of TMJ meniscectomy and replacement are equivalent in their ability to support constructive, site appropriate ECM scaffold remodeling. The pig model requires a young animal for the implantation (less than 3 months and 30 kg) as the temporal bone progressively grows ventrally (downward) with age and noticeably limits adequate surgical exposure of the TMJ. In addition, the present studies will include follow up of 12 months post-implantation and the size of the pigs by that age (often greater than 600 lbs.) makes husbandry extremely difficult. Finally, the use of pigs would optimally use a xenogeneic source of ECM, likely requiring a canine tissue source, to eliminate the allogeneic variable contribution to remodeling. However, clinical translation will almost assuredly utilize a porcine tissue source of ECM just as most other commercially available ECM scaffold materials utilize, and therefore the dog is a logical xenogeneic model.
MACROPHAGE PHENOTYPE AS A PREDICTOR OF CONSTRUCTIVE REMODELING
While there are many cell types involved in the inflammatory response, it has been shown that the phenotype of macrophages that participate in the remodeling of ECM scaffolds plays a critical role in determining whether the events follow a pro-inflammatory course leading to fibrosis and scarring, or a constructive and functional remodeling course resulting in deposition and organization of site appropriate tissue [35] [36] [37] [38] [39] [40] . Although macrophages have been classified as having either an M1 or an M2 phenotype, which is a function of their gene expression pattern, effector molecule production, and biologic function [40, 41] , the M1/M2 model is an oversimplification of reality [42] . The classically activated "M1" phenotype is the result of in vitro suprastimulation with IFN-γ and lipopolysaccharide (LPS, or endotoxin). The "M2" phenotype is a similar laboratory artifact of in vitro IL-4 stimulation. That being said, these spectral extremes of macrophage phenotype provide context for the range of pro-inflammatory effector cells (M1-like) to anti-inflammatory/ regulatory effector cells (M2-like). The phenotype of macrophages stimulated with mammalian ECM that is thoroughly cleansed of cell remnants following decellularization of the source tissue is of an M2-like phenotype, regardless of source tissue [43] .
In both canine and porcine models of TMJ reconstruction, the early remodeling of the implanted ECM bioscaffolds is characterized by robust infiltration by mononuclear macrophages. This response has been observed and is characteristic of the remodeling process associated with ECM scaffold materials that have been implanted in all locations investigated to date. Of note, the macrophage response within the TMJ environment is observed to resolve more quickly (i.e., less than one month) than has been observed for other locations (i.e., between two and three months). One significant deficit in our understanding of ECM remodeling is the difference between normal and pathogenic as well as intra-articular versus soft tissue microenvironments as they relate to macrophage polarization and downstream functional outcomes.
CONCLUSION
In the future, a large animal model that includes both healthy and pathogenic sites of implantation needs further investigation. To-date, few groups have performed in vivo testing of any tissue engineering or regenerative medicine approach to TMJ reconstruction, let alone in a large animal model. While the three studies in large animals have shown viable replacement up to 6 months, there is still a concern that the new tissue could resorb. As such, long term studies that are carried out 9 to 12 months are needed to show that the replaced/repaired meniscus is stable. It is also important to note that successful repair is dependent on identifying the cause for ID, otherwise the replacement will likely fail as well.
Attachments of the scaffolds will be an important point of debate in the near future. The attachments will be dependent on the surgical approach, size of the meniscal defect, and the particular material chosen. The ECM scaffolds were designed to be sutured into the zygomatic arch and the surrounding soft tissues. These sutures were fast resorbing, so the new tissue remained in place by growing new attachments to the capsule. Surgeons may choose to anchor the devices to the condyle, since it would be similar to a procedure currently used by some to reposition the meniscus. Nevertheless, any procedure for attachment should be carefully studied in preclinical models.
While this review focused on the use of large animals for the study of meniscus replacement by measuring mechanical properties, there is additional value to smaller animal models for the study of ID. Many more variables can be studied in small species, such as animal age and gender, relevance of nutrition, diet, mastication, and genetics along with the impact on ID. Furthermore, it is difficult to assess function and pain in large animal models. Thus, investigators will have to decide on a balance between the scientific questions being pursued.
